Abstract: This paper reports a MEMS-based forward scanning endoscopic microprobe. The microprobe has a 2-D electrothermal micromirror embedded. The diameter of the probe is 5mm. Two-photon excited fluorescence (TPEF) imaging with 5μm resolution has been obtained.
INTRODUCTION
Non-invasive optical imaging techniques such as optical coherence tomography and nonlinear optical microscopy have been extensively investigated for early cancer detections due to their ability of obtaining depth information with high resolution at cellular level. In order to perform in vivo imaging of internal organs, miniature imaging probes with fast laser beam scanning are required. Various endoscope designs based on different MEMS scanning mechanisms have been developed [1] [2] [3] [4] [5] . For example, Pan et al. reported the first MEMS-based endoscopic OCT using an electrothermal micromirror [1] . McCormick et al. demonstrated 3-D endoscopic OCT imaging utilizing a 2-D electrostatic micromirror [4] . Fu et al. demonstrated a MEMS-based nonlinear optical endoscopic system utilizing a 1-D electrothermal micromirror, in which a series of line profile with a 10μm axial resolution from the rat esophagus tissue has been obtained [5] . In order to generate the real time in vivo image with a large field of view, 2-D transverse scanning is desired. In this paper, a miniature endoscopic imaging probe embedded with a 2-D MEMS scanning mirror is presented. Due to its large scanning range and low driving voltage, an electrothermal MEMS micromirror is used [6] . The probe design, 2-D scanning patterns and some two-photon imaging results are reported.
TWO-DIMENSIONAL ELECTROTHERMAL MEMS MIRROR
A 2-D electrothermal mirror has been developed previously [6] . Fig.1 shows an SEM of the device. The aluminum coated mirror plate (0.5 0.5mm 2 ) is connected to a rigid frame through a series of aluminum/SiO 2 bimorph beams with embedded polysilicon for electrothermal actuation, referred as actuator1 (Act1), this first frame is then connected to a second outer frame by another series of bimorph beams (Act2). Thus a bi-directional line scan can be obtained by applying voltages to Act1 and Act2. A second set of similar actuators composed of Act3 and Act4 is attached to the first set for the line scan in the perpendicular direction. The mirror plate and the frame have a 40μm SCS (single crystal silicon) layer supporting underneath for the mirror flatness and the frame rigidity. The device is fabricated using a deep-reactive-ion-etch (DRIE) post-CMOS process. The bimorph beams curl up after being released due to the thermal stress of the thin films and form an initially elevated mirror plate parallel to the substrate. Upon actuation, the bimorph beams curl down and the 2-D scan of the mirror can be obtained. The scanning ranges along both axes are over 30° at less than 12V driving voltages [6] .
ENDOSCOPE DESIGN
The 2-D micromirror is packaged into a custom-machined microprobe made of Lucite which is a bio-compatible material. Fig.2(a) shows the configuration of the optical system of the microprobe, which is designed for forward 2-D scanning. The optical components packaged inside the probe include an optical fiber, an aluminum coated prism, a 2-D MEMS mirror and a GRIN lens. The light is coupled into the probe by the optical fiber and then directed to the 2-D MEMS mirror by the prism. The reflected beam from the MEMS mirror is collimated by the GRIN lens. Thus forward 2-D scanning can be obtained by actuating the 2-D mirror. The microprobe is Fig. 1 . SEM picture of a 2-D MEMS mirror. Inset: 2D scanning pattern generated by the micrror [6] .
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composed of two parts: a mounting base (Fig.2 (b) ) and a cap (Fig.2 (c) ). The base part was machined to form a 45° slope for mounting the MEMS mirror, and holes were drilled for holding the copper wires and the optical fiber. The hollow probe cap has a 0.25mm wide sidewall with the prism being fixed inside and the GRIN lens being located in the front opening. After the MEMS mirror was wire bonded to the copper wires, the base was slid into the cap and the probe was sealed. Fig.3 shows the photos of the probe with the optical components before the assembling (a) and the MEMS mirror after being bonded onto the base (b). Silver epoxy was used for gluing the bonding wires to the copper wires.
To verify the probe design, a scanning experiment on the integrated probe has been performed by using a He-Ne laser as the light source. The two actuators Act2 and Act4 of the MEMS mirror are used for 2-D scanning actuation. To capture the reflected beam from the MEMS mirror by the collimating GRIN lens, DC offset voltages are needed to compensate the optical misalignment due to the initial tilting of the MEMS mirror and the packaging errors. With the driven voltages on Act2 and Act4 in the ranges of 1.8-4.2V and 8.5-11V, respectively, a laser scanning area of about 6×6 mm 2 has been observed on a screen with its distance from the GRIN lens about 10mm. Fig.4(a) shows a photograph of the probe with the output light beam incident onto a screen. Some preliminary TPEF (two-photon excited fluorescence) in vitro imaging experiment has also been performed utilizing the 2-D scanning MEMS mirror. Fig.4(b) shows the 3-D visualization of a breast cancer tissue with an axial resolution of 5μm (the scale bar is 20μm).
CONCLUSION
A 5mm-diameter endoscopic microprobe embedded with a 2-D scanning MEMS mirror has been developed. The large scanning range and low driving voltages of the miniaturized probe make it very suitable for in-vivo imaging applications. Further characterization and imaging tests are on-going. This 
